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Abstract 

Type Ib/c supernovae (SNe Ib/c) mark the deaths of hydrogen-deficient massive stars. The evolutionary 
scenarios for SNe Ib/c progenitors involve many important physical processes including mass loss by winds 
and its metallicity dependence, stellar rotation, and binary interactions. This makes SNe Ib/c an excellent 
test bed for stellar evolution theory. We review the main results of evolutionary models for SN Ib/c progen¬ 
itors available in the literature and their confrontation with recent observations. We argue that the nature 
of SN Ib/c progenitors can be significantly different for single and binary systems, and that binary evolution 
models can explain the ejecta masses derived from SN Ib/c light curves, the distribution of SN Ib/c sites 
in their host galaxies, and the optical magnitudes of the tentative progenitor candidate of iPTFISbvn. We 
emphasize the importance of early-time observations of light curves and spectra, accurate measurements 
of helium mass in SN Ib/c ejecta, and systematic studies about the metallicity dependence of SN Ib/c 
properties, to better constrain theories. 
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1 INTRODUCTION 

Type I super novae (SNe I) are characterized by the 
lack of prominen t hydrogen lines in the spectra (e.g., 
Filippenko I997I) . Strong helium lines are present in 


the spectra of SNe Ib, while they are practically ab¬ 
sent in those of SNe Ic. SNe Ib/c are further dis¬ 
tinguished from SNe la by the lack of strong Sill 
absorption line at 6355 A. Most of ordinary SNe 
Ib/c, if not all, occur in star-forming galaxies, in¬ 
dicating that SNe Ib/c have a massive star ori¬ 
gin ( e. g. van den Berg et al. 2005 : Boissier fc PrantzosI 


2009 : Hakobvan et al.l |2Q^: iKellv fc Kirshnerl 201 21: 


Anderson et al.|[2Q12[ ISanders et al. 20I2I) . Their light 


curves are dominated by the energy r elease from ra- 


dioactive ^^Ni as in the case of SNe la (Schaeffer et al 


Il987h . but the inferred amounts of ^^Ni ejected by SNe 


O.I Mr:^:e.e:.. Drout et al. 

2011: Canoll20I3l:lLvman et al. 

120141: iTaddia et, al 2014 

) rather than SNe la (Mse^i ^ 

I.O e.e:.IStritzine:er et al. 2006: Mazzali et al. 2007: 

Scalzo et al.ll20I4[). The current consensus is that most 


of SNe Ib/c belong to a subset of core-collapse SNe that 
are SN explosions via collapse of the iron cores in mas¬ 
sive stars at their deaths. 


fe.e:.. Elmhai 

mdi et al. 20061: Spencer fc BaronI I2OIOI: 

iDessart et al. 

I2OIII: Hachine:er et al. 2012) and SN Ib/c 


progenitors must have lost their hydrogen envelopes by 
the time of explosion. There exist mainly three pos¬ 
sible ways for massive stars to become a hydrogen- 


via stellar winds (e.g 


.g.. Chios! fc Maeden 

I986f 

. Podsiadlowski et al. 

Ill99i 


, bi- 
and 


chemically homogeneous e volution with rapid rotation 
( Maeder fc Mevnenil987[ ). The last mode of evolution 


have been invoked for explaining massive blue stragglers 
and l ong gamma-ray bursts within the collapsar sce- 
(lMaederlll987t[Langerlll99^lYQon fc Langerll2QQ5l: 


Wooslev fc Hegerl 20061: lYoon et al.l 20061 2QI2a ). but is 
not likely to be much relevant for the maj ority of SNe 


Ib/c that are found in the local Universe (|Yoon et al 

2006h . 


In this review, we focus on ordinary SNe Ib/c: our 
objective here is to summarize theoretical results on 
SN Ib/c progenitors via single and binary evolution¬ 
ary paths. We emphasize that each case has its own 
unique prediction that can be in principle well tested 
by observations. SNe Ib/c can therefore provide an in¬ 
valuable insight on massive star evolution. Note that 
we restrict this review to the detailed properties of SNe 
Ib/c progenitors that are predicted by recent stellar evo¬ 
lution models. Progenitors of SN Ilb (i.e., SNe of which 
the spectra have hydrogen lines at early times, but re¬ 
semble those of SNe Ib at later times) are closely re¬ 
lated to SN Ib/c progenitors, and will also be discussed 
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briefly. Our discussions on observations, SN modeling, 
and stellar population studies will be highly biased by 
the selected topics we address here. For more general 
topics on the evolution of massive stars and SN pro- 
genitors, readers a r e refe r red to the rece n t reviews by 
Maeder fc Meynet J 2000 1^ MassevI (2QQ3 b Heger et al 


1989b : Schaller et al. 1992 : Schaerer et al. _ 1993allbl : 


Mevnet et al.l 11994 IWooslev et al.l 119931 119951) . Later 
studies began to consider the WR mass loss rate as a 
function of the luminosity and the surface abundances 
of helium and metals in a more explicit way (e.g 


( 20031) . Smartt ( 200^ Langerl ( 2012 ) and SmithI ( 2Ql4) . 20051: Eldridge et al. 2006 : Georgy et al.l 20121) 


Wellstein fc Langer 


1999 : iMevnet fc Maeder 12003 . 


2 SINGLE STAR MODELS 

2.1 Mass Loss and Final Mass 

It has been widely believed that Wolf-Rayet (WR) 
stars are obse rvational counterparts of SNe Ib/c pro¬ 
genitors (e.g. Mevnet fc Maederl 120031: iMassevI 120031: 
Crowther l2007t ISmarttI 120091) . Although helium stars 
as WR star s can be produced b y binary interac¬ 
tions (e.g., IPetrovic et al.l l2005at IVanbeveren et al 


2^, a large fraction of WR stars ye fo und in iso¬ 
lation (|van der HuchtllioOll: ICrowtherll2007l ). and must 
have been produced from massive single star^ via mass 
loss due to stellar winds (The so-called Conti scenario; 

Cnntilll97(^ . 


Evolutionary models of massive stars with mass 
loss predict that there exists an initial mass limit 
for WR stars, above which stars can lose the en¬ 
tire hydrogen envelope during the post main sequence 
phases (e.g. Maeder fc Mevnet _ 198 4 Schaller et al 


1992 : Wnbeveren et al.l 19981: iMeynet ^ Maeder 2QQ3I: 


Eldridge et al. 2 0061: Georgy et al. 2012h . A useful con¬ 
straint on this mass limit can be provided by galactic 
WR stars. Observations indicate that WR stars of WN 
type in our Galaxy have the lower bolometric lu minos- 
ity limit of logL/LQ 5.3 ( Hamann et al. 20061) . This 
roughly corresponds to 10 Mq of a naked helium star, 
which requires an initial mass of about 25 Mq. Stellar 
evolution models indicate that non-rotating stars at so¬ 
lar metallicity cannot lose their hydrogen envelope to 
become a WR star if Mzams < 40 Mq, with the most 
commonly ado pted mass loss r ate fr om red supergiant 
stars given bv Ide Jager et all (|l988[ ). Enhancement of 
mass loss due to rotation or pulsation compared to the 
de Jager rate and some alternative empirical mass loss 
prescripti ons have been invoked to resolve this discrep¬ 
ancy (e.g. Vanbeveren et aLlll998 : Salasnich et al.l 1999 : 


Mevnet fc IMaeder 1 12003 : van Loon et al. 20051 2008 : 
Yoon et al ]l2010l: lEkstrom et al.l[2012l). 

Once a star becomes a WR star, further mass 
loss due to WR winds determines its final mass. 
In the 80s and 90s, a fixed value of about 3 — 8 x 
10“^ Mq yr“^ or mass-dependent values have been 
widely used for th e WR mass loss rate in most 


evolutionary models (jMaeder fc Mevnet 119871: iLanger 


^ Some massive single stars on the main sequence may be products 
of binary mergers, but here we do not distinguish them from 
singly-formed massive stars 


More 

important, with the growing evidence for hydrodynamic 
clumping of WR wind material, recent estimates for 
the WR mass loss rate give significantly lower values 
than previously thought (e.g., ?, see Eig. l)]Nugis00, 
Hamann06, CrowtherOT, Sander 12. Several different 
prescriptions for the WR mass loss rate are compared 
in Eig. [TJ 

The single star models produced later than 2000 pre¬ 
dict systematically higher final masses of SN Ib/c pro¬ 
genitors than those in the 80s and 90s, as summarized in 
Eig. [2j Eor example, with the hange r’s mass-dependent 
WR mass loss rate ( Langerl[l989b[) . a 60 Mq star at 


solar metallicity can become a SN Ib/c progenitor wit h 


an final mass as low as 4.25 Mq (|Wooslev et al.l 1 19931) . 


By contrast the models with the WR mass loss rate of 
Nugis fc LamersI ( 2000[ ) give final masses higher than 


10 Mq, at solar metallicity. 

This high final mass (Mf > 10 Mq) has consequences 
on the SN explosion. Eirst of all, such massive helium 
stars have large amounts of binding energy. This would 
make successful explosion of these progenitors difficult: 
they may collapse to a black hole, without making an 
ordinary SN Ib/c (e.g. iHeger et ahl l2003l and refer¬ 


ences therein). Secondly, even if they exploded success- 


be compatible with observations (IWooslev et al. 

1993, 

1995: Dessart et a 

.I 2 OII: Drout et al.l 2011: Canol 

2013; 

Lvman et al.ll2014 

iTaddia et al.ll2014l). This brings into 


question the importance of single WR stars as progeni¬ 
tors of SNe Ib/c at solar metallicity. However, the role of 
single stars at super-solar metallicity may be significant 
given their relatively low final masses (Eig. [2]). 

2.2 Surface Properties 

WR stars have large convective cores, being close to the 
Eddington limit, and rapidly lose the outer helium-rich 
layers by WR winds. This makes them almost chemi¬ 
cally homogeneous. Therefore, stellar evolution models 
predict that WR stars e volve systematically bluewards 
on the HR diagram (e.g., Georgy et al.ll2Q12 : lYoon et al 


201 2hl: lEldriflge et, in contrast to the case of 

the evolution of hydrogen-rich stars which evolve red- 
wards in general. The surface composition of chemical 
elements also evolves. Eirst, as the residual of the hy¬ 
drogen envelope is removed by winds, they evolve from 
WNL type to WN type. As they lose more mass, the 
products of helium burning including carbon and oxy¬ 
gen begin to appear at the surface, to become WC and 
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log L/Lo 


Figure 1. Comparison of different mass loss prescriptions of 
massive helium stars on the zero-age helium main sequence as 
a function of the surface luminosity, which are based on WR 
stars (logL/L© > 4.5). The dot-da shed line and the dotte d line 
give the WR mass loss rates by iNugis &: Lamer^ (|2000l ') and 
iLangerl (|l989bl b respectively. The solid line denotes the mass loss 
rate prescripti o n giv en by Eq. (1): the WR mass loss rate by 
iHamann et al ] lll99Fj) for logL/L© > 4.5 and the mass loss rate 
of relatively low-mass helium stars for logL/LQ < 4.5, which is 
based on the extreme helium stars analyzed by iHamann et al.l 
lll9S2h . The blue data points with the error bars are the mass 
loss rates of these extreme helium stars. The orange point with 
the error bars denotes the mass loss rate of th e quasi-WR star 
HD 45166 (|van BlerkomlfigTsl i lGroh et al.ll2008l b The dashed line 
is 10 times lower than the solid line: /w is the reduction factor 
compared to the mass loss rate given by Eq. (1). 



^ZAMs/^O 

Figure 2. Theoretical predictions on the final mass of single 
star progenitors for SNe Ib/c, as a function of the initial mass 
(i.e., mass on the zero-age main sequence). Circle: rotating mod¬ 
els of G^qrgy_el_^ (12012) at Z = 0.014, Asterisk: rotating mod¬ 
els of Me^ne^^^Maeder T ll2003ll at Z = 0.02, Star: rotating mod¬ 
els of iMevne^^Maed^ 1 (l2005h at Z = 0.04 with a metallicity 
dependent WR mass loss rate. Triangle: non-rotating models of 
IWoosle^^^^ 1 lll993ri at Z = 0.02, Square: non-rotating models 
of ISchaller et al.l (Il992h at Z = 0.02. 


WO stars (Fig. [3]). The general consensus is that WR 
stars from sufficiently high initial masses evolve accord¬ 
ing to the following order: WNL ^ WN ^ WC ^ WO. 

In this scenario, WR stars should become more com¬ 
pact as they evolve from WNL to WO. Indeed, WNL 
and WO stars in our galaxy have lowest and high¬ 
est surface temperatures, respe ctively, in agreement 
with the theoretic al prediction ( Hamann et al.l I2QQ6I: 
Sander et al.ll2Ql3 ). But stellar evolution models have 
great difficulty in explaining many of the surface prop¬ 
erties of WR stars. In particular, the observed WR 
stars are found to have much larger radii and lower 
surface temperat ures than what the evolutionary mod¬ 


els predict (e.g., Hamann et al.ll2QQ6l: ICrowthen l2QQ7t 


Sander et al.l l2Q12[ ). The reason for this discrepancy 
is not well understood yet. Inflation of the envelope 
with a density inversion is observed in WR star mod¬ 
els ne p the Eddington limit in hydrostat ic equilib¬ 
rium ( Ishii et aJ] 1 19991: IPetrovic et al.l [2006 ). but this 
is still not sufficient to fit observations as seen in Fig.lH 
A recent suggestion is that the observationally implied 
inflation of WR stars may result from density inhomo¬ 
geneities and the consequent enh ancement of opacity i n 
the sub-surface convective layer ( Grafener et al.l [2012 ). 

This envelope inflation affects the bolometric cor¬ 
rection, making WR stars fairly luminous in the op¬ 
tical {My < —4). If the optical luminosities of the ob¬ 
served WR stars represented those of SN Ib/c progen¬ 
itors at the pre-SN stage, the previous search for a 
SN Ib/c pr ogenitor in pre-SN images would have been 
successful (Maund fc Smartt 2005: Mannd et all 2005: 


ICrockett et al.ll2007l: ISmarttll2009l : lEldridge et al.ll201 
As of today, only one tentative identi fication has bee n 
reported with the SN Ib iPTF13bvn (|Cao et al.l 120131 ). 
All of the other searches for SN Ib/c progenitors have 
failed, even for th e case with a very deep detection 
limit {My > —4.3; Crockett et al.l[2007 : Eldridge et al 


20131 ). This result has often bee n interpreted as evi¬ 
dence for bin ary star progenitors (jCrockett et al.ll2007 : 
Smartt [20091 ). 

It should be noted that the majority of the observed 
WR stars must be on the helium main sequence, which 
is still far from the final evolutionary stage. After core 
helium exhaustion, the evolution of the core in a WR 
star is dominated by neutrino cooling and undergoes 
rapid Kelvin-Helmoltz contraction. With a sufficient 
amount of helium in the envelope, this would lead to 
further expansion of the helium envelope due to the so- 
called mirror effect. However, single WR stars would 
rapidly lose helium in the envelope as implied by the 
high mass loss rate, and the overall radius would grad¬ 
ually decrease as the stellar evolution models predict. At 
the pre-SN stage, many WR stars would tend to become 
very hot, and optically faint like W O stars despite thei r 
very high bolometric luminosities (|Yoon et al.l 1201213 ). 
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time [10^ yr] 


Figure 3. Evolution of the chemical composition at the surface of 
a 30 M(^ helium s tar at Z = 0.02, with the WR mass loss rate by 
iNugis Sz Earner^ (|2000h . The calculation was terminated at the 
end of core neon burning. 


This means that the non-detection of most SN Ib/c pro¬ 
genitors in the previous attempts does not necessarily 
exclude single WR progenitors, and other constraints 
like ejecta masses of SNe Ib/c should also be taken into 
account to better understand the nature of SNe Ib/c 
progenitors. 


2.3 Helium 


The production of He I lines is found to depe nd both 
on the total He mass ( Hachinger et al.l 12012) and on 
the helium d istribution in the envelope (|Dessart et al 


2011 . 2Q12aj) . Non-thermal excitation and ionization of 


helium also play the key role for the formation of he¬ 
lium lines in SNe lb (Lucvl 199ll: Wooslev fc Eastman 


1997 : Dessart et al.ll2Q123 iHachinger et al.ll2Q12h . This 
does not only require presence of helium in the pro¬ 
genitors, but also strong chemical mixing between he¬ 
lium in the envelope and radioactive ^^ Ni produced in 


the innermost region of the SN ejecta (jPessart et al 


l2Q12at iHachinger et al.l 2012 1. We still do not know ex¬ 
actly how much helium is needed for SNe Ib. This limit 
must depend on the degree of mixing of helium and 
nickel, which may in turn depend on the detailed struc¬ 
ture of the progenitor and the energy and asymmetry 
of the explosion. Many authors simply assume a cer¬ 
tain amount of helium (e.g., 0.5 - 0.6 Me:)) as the lower 
limit for SN Ib progen i tors (e.g. Wellstein fc Langer I 


19991: lYoon et al. 2010l : iGeorgy et al. l2012[) . Recently 
Hachinger et al. rimU suggested 0.14 Mq as the max¬ 


imum possible amount of helium that can be hidden in 
the SN spectra, based on a spectroscopic study of sev¬ 
eral SN Ib/c with relatively low inferred ejecta masses. 
In the most recent single star models (|Georgv et al 


20121 ). the total amounts of helium in SN Ib/c progen¬ 



Figure 4. Evolution of massive helium stars at solar metallicity 
compared to the observed Wolf-Rayet stars in our galaxy on the 
Hertzsp rung-Russel diag r am. T he WR mass loss rate prescrip¬ 
tion by iNngis fc LamersI (|2Q00l) was adopted in the evolutionary 
models. The initial mass for each evolutionary track is marked by 
the label in the left hand side, and the final mass is indicated in 
the parenthesis. The thick grey lines mark the evolutionary stage 
where the surface mass-fraction of carbon is higher than 0.2. The 
star symbol denotes the end point of the evolution, which is the 
end of c ore neon burning. This figure is a reproduction of Fig¬ 
ure 3 in lYoon et al.l (l2012bll with permission from Astronomy & 
Astrophysics, © ESO. 


itors range from 0.28 Mq to 2.2 Mq. This is signifi¬ 
cantly higher than the proposed limit of 0.14 Mq by 
Hachinger et al. In fact, helium mass as low as 0.14 Mq 
is v ery difhcnlt to achiev e with stellar evolution mod¬ 
els. IWooslev et al.l (| 19931) found that a 60 Mq star can 


become a 4.25 Mq SN Ib/c progenitor with a WR mass 
loss rate much higher than nowadays adopted, but even 
in this extreme case, the remaining helium mass was as 
large as 0.18 Mq. The reason for this difficulty is largely 
related to the dynamical adjustment of the stellar struc¬ 
ture of WR stars with mass loss. As shown in Fig. [5] as 
an example, the size of the helium-burning convective 
core in a WR star decreases as the WR star loses mass 
by winds (Fig.[5j), and therefore some amount of helium 
can remain unburned until the end of core helium burn¬ 
ing even if more than half of the initial mass is lost. The 
residual helium could be completely removed with effi¬ 
cient mass loss during the later evolutionary stages. The 
current models predict, however, that the effect of mass 
loss during the post helium burning phases is relatively 
minor mainly because of the relatively short evolution¬ 
ary time. We discuss the problem of helium in SNe Ib/c 
progenitors in Sect. 13.41 in more detail. 

The mass fraction of helium in the outermost layers 
can also play an important role for the early time light 
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Figure 5. Evolution of the internal structure of a 30 Mq he¬ 
lium star, for which the Nugis & Earners’ WR mass loss rate was 
adopted. The helium-burning convective core is marked by the 
hatched lines. The black solid line marks the surface of the star. 
The calculation was terminated at the end of core neon burning. 


curves and spectra of SNe Ib/c. IPessart et al.l ( 2Qllh 
showed that if the helium mass fraction is sufficiently 
large 0.9), He I lines can be produced without the 
contribution of non-thermal processes for several days 
after the shock breakout, while no helium lines are seen 
for a low helium mass fraction (< 0.5) even with a total 
helium mass of about 1 Mq. Therefore, He I lines during 
the early epoch of a SN Ib/c will provide an important 
constraint on the progenitor. Recent single star models 
in the literature predict that helium mass fraction at 
the surface of SN Ib/c progenitors is below 0.4 except 
for a limited initial mass ran ge above the critical mass 
for WR star progenitors fe.g. jMevnet fc Maeder 112003 . 
2nn,4lnenrgv et a] .112012h . in contrast to the case of bi¬ 


nary star models that predict the majority of SN Ib/c 
progenitors have a surface helium mass fraction higher 
than 0.9 (Sect. [3]4)). Given that the total amount of he¬ 
lium is also systematically smaller in single star models 
than in binary star models as discussed below, this im¬ 
plies that single star evolution is probably prone to SNe 
Ic. 


2.4 Rotation 


Super-luminous supernovae (SLSNe) and very ener¬ 
getic explosions like gamma-ray bursts (GRBs) can 
be driven by rapid rotation. The most commonly in¬ 
voked me chanisms for these events include the collapsar 
scena rio (|Wooslev et al. 19931: MacFadyen fc Wooslev 


1999^ and the magnet ar sce n ario fe.g. I Wheeler et al 
2000 : Burrows et al. 2007 : Kasen fc Bildsteril 12010 : 


WooslevI l2010 b So far, all of the s upernovae associ¬ 
ated with GRBs b elong to Type Ic (|Wooslev fc Heger 
20061 : Hiorth 2013h . and many SLSNe are also found to 


be SNe Ic. While the collapsar sce nario still remains 
most popular to explain GRBs (|Wooslev fc Bloom 
20061 ). the magnetar-driven explosion is nowadays the 


most invoked mechanism for the SLSNe Ic (e.g., 


Ghomiuk et al.ll2011 : Dessart et al.ll2012b : Inserra et al 


2 OI 3 I : iNicholl et al.ll20l5 iMazzali et al.l[20l3) . The con¬ 

tending mechanis m for SLSNe I c is th e pair-production 
instability (e.g . Barkat et al. 1967 : Gal-Yam 20091: 
iKozvreva et al. 20141 ). 

It is still a matter of debate which evolutionary 
channels of SNe Ib/c progenitors can lead to rotation- 
driven explosions like GRBs and SLSNe-Ic. Observa¬ 
tions indicate that the majority of massive stars on 
the main sequence are rapid rotators, where the neces¬ 
sary condition for both collapsar and magnetar mecha¬ 
nism could be fulfilled if they retained the angular mo¬ 
ment um until the pre-collapse stage (e.g., iHeger et~^ 
2QQQ[ ). However, massive stars may undergo angular 


momentum redistribution via mass loss due to stel¬ 
lar winds and/or binary int eractions, and the trans- 
port of angular momentum (iMaeder fc Mevn^ 2000: 


Heger et al.ll2000l: iHirschi et al. 20041: iHeger et al.ll2005 


Petrovic et al.l l2005lj : IYoou et M I 2 OIO ) . The angu¬ 
lar momentum transfer may occur on a dynamical 
timescale in convective layers by convection. In ra¬ 
diative layers, rotationally-induced hydrodynamic in¬ 
stabilities like the shear instability and Eddington- 
Sweet circulations may transport angular momentum 
( Maeder fc Mevne'tll2000[ ). Dynamo actions may also oc¬ 
cur in radiative layers a ccording to t he so-called Tayler- 
Spruit dynamo theory ( Soruitl 120021) . which may cause 


strong magnetic torques across differentially rotating 
layers. 

Theoretical studies indicate that, without magnetic 
fields, angular momentum transport is severely inhib¬ 
ited by the chemical stratification across the bound¬ 
ary betwee n the stellar core and the hydrogen envelop e 
(/i-barrier; iMevnet fc Maedenil997l : IHeger et~al]l2000[ ) . 
Single star progenitors of SNe Ib/c can thus retain 
a significant amount of angular momentum until the 
pre-SN stage, even though most of the initial angular 
momentum is lost by stellar winds ([Heger et al.l I 2 OOOI : 
Hirschi et al.ll20o3) : the predicted amounts of angular 
momentum in the cores are much more than what neu¬ 
tron stars can have at the break-up velocity, and enough 
to produce a long gamma-ray bu rst (GRB) within the 
collapsar scenario (|Wooslevlll993[ ). This means that al¬ 
most all SN Ib/c progenitors have enough angular mo¬ 
mentum to form GRB/SLSN-Ic progenitors. Given that 
rapid rotation is only one necessary condition for col¬ 
lapsar/magnetar production, this should not necessarily 
lead to the conclusion that non-magnetic models predict 
too many GRBs and SLSNe-Ic compared to the obser¬ 
vation. However, because such exotic explosions belong 
to a subset of SNe Ib/c, the result of non-magnetic mod¬ 
els implies that GRBs and SLSNe-Ic should occur more 
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frequently at higher metallicity as ordinary SNe Ib/c 
do, if mass loss by winds provided the main evolution¬ 
ary path for their progenitors. Contrary to this expec¬ 
tation, observations indicate that low-me tallicity is pre¬ 


ferred for both GRBs and SLSNe-Ic fe.g..lMod|az et al 
I 2 QQ 8 I: ICraham fc Frncht^l2Q13l: iLnnnan et al.l 20141) . 


Magnetic torques can easily overcome the hindrance 
by the chemical stratification to the transport of angu¬ 
lar momentum. Magnetic models with the Tayler-Spruit 
dynamo predict that single WR sta rs rotate too slowl y 
to produce a magnetar/collapsar (|Heger et al.l l2QQ^ . 
This is consistent with the fact that GRBs and SLSNe- 
Ic are very rare. Magnetic models also better explain 
the spin rates of young millisecond pulsars. 

Several authors have questione d the valid i ty of 
the Talyer- Spruit dynamo theory (|Zahn et al.l I2QQ7 : 


t )ruit ' 

2QQ8I) and we still cannot draw any solid 
conclusion on which case between magnetic and non¬ 
magnetic models better represents the reality. However, 
it is not only massive stars but also intermediate- and 
low-mass stars that provide evidence for very efficient 
transport of angular momentum in the radiative layers. 
Such ex amples include s low rotation of isolated white 
dwarfs (ISuiis et al.N2QQ8ll. the radi al velocity profile in 
the Sun (jEggenberger et al.l l2QQ5[) , and recent aster- 
Qseismic results of low-ma ss stars ( Eggenberger et aP 
2012 : Cantiello et al.l[2Ql3 ). Our tentative conclusion is 


that some strong braking mechanism like the Tayler- 
Spruit dynamo is actually working in stars, and that 
magnetic models may better explain recent observa¬ 
tions in general. The role of magnetic fields on the evo¬ 
lution of stars still remains a very challenging subject 
of future st udy. Some other mechanisms like baroclinic 
insta bility (lEuiimotol 1993) and pu lsational instabili¬ 
ties ( Townsend fc MacDonaldl boosh may also play an 
important role for the transport of angular momentum, 
but have not been extensively studied for massive stars 
yet. 


3 BINARY STAR MODELS 


3.1 Binary evolution towards a SN Ib/c 

The majority of massive stars form in binary sys¬ 
tems (e.g., see ISana et ^ lioH for a recent observa¬ 
tional analysis on the population of binary systems). 
A large fraction of them are believed to experience bi¬ 
nary interactions during the course of their evolution, 
mainly due to the increase of stellar radius. Once the 
more massive star (the primary star) fills the Roche lobe 
in a binary system, mass transfer to the less massive star 
(the secondary star) begins. Mass transfer can be un¬ 
stable if the mass ratio of the stellar components (i.e., 
q = M 2 /Ml where Mi and M 2 are the masses of the pri¬ 
mary and secondary stars, respectively) is sufficiently 
small. Unstable mass transfer will lead the binary sys¬ 


tem to a contact phase, which may eventually make 
the stellar components merge to become a single star. 
Although binary mergers are related to many impor¬ 
tant topics like stel lar rotation, peculia r SNe and long 
gamma-ray bursts (iFrver fc Hegerl [20051: Ide Mink et al.l 
2014 : Just ham et al.l2Q14l) . here we focus our discus¬ 


sion on non-merging systems that can produce ordinary 
SNe Ib/c. Recent analyses also indicate that the frac¬ 
tion of stable bi nary systems is much higher than pre¬ 


vious ly believed (|Kobulnickv fc Erverl 120071: ISana et al 


l2012h . and thus the event rate of SNe Ib/c can be well 
explained by binary pr ogenitors (|Kobulnickv fc Erver 


20071 : ISmith et al.ll201lh . 


In the literature, mass transfer is often categorized 
into Case A, Case B and Case C, depending on the 
evolutionary stage of the primary star when it fills the 
Roch e lobe ( Kippenhahn fc Weigertl[l967t iLauterbora 
i97nli . as the following: 


• Case A mass transfer : mass transfer during the 
main sequence. 

• Case B mass transfer : mass transfer during the 
helium core contraction phase. 

• Case C mass transfer : mass transfer during the 
core helium burning and later evolutionary stages. 


Some binary systems may undergo multiple mass trans¬ 
fer phases, depending on the initial orbital periods and 
masses of the stellar components. The mass transfer 
phases that follow Case A/B mass transfer are often 
denoted as the following: 

• Case AB mass transfer : mass transfer from the 
primary star that has previously undergone the 
Case A mass transfer, during the helium core con¬ 
traction phase. 

• Case BB mass transfer : mass transfer from the 
primary star that has previously undergone Case B 
mass transfer, during the late evolutionary stages 
(mostly after core helium exhaustion for SN Ib/c 
progenitors). 

• Case ABB mass transfer : mass transfer from the 
primary star that has previously undergone Case 
AB mass transfer, during the late evolutionary 
stages (mostly after core helium exhaustion for SN 
Ib/c progenitors). 

Helium stars as SN Ib/c progenitors can be made via 
Case B/AB mass transfer as illustrated in Fig. [6l The 
initial mass of such a helium star corresponds to the 
helium core mass (Mne-core) of the primary star at the 
onset of Case B/AB mass transfer. For Case B systems, 
ATne-core Can be given by a well-defined function of the 
ZAMS mass of the primary star as shown in Fig. [71 

The evolution of the helium stars produced via Case 
B/AB mass transfer largely depends on their masses. 
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Stellar evolution models indicate that Case BB/ABB 
mass transfer occurs when the primary star becomes 
a helium giant if the helium star mass is initially less 
than about 3.5 - 4.0 Mq, depending on the adopted 
mass loss rate and metallicity. More massive helium 
stars do not interact anymore with the secondary stars 
after Case B/AB mass transfer, but can still lose mass 
further by winds. WR winds may be induced if the he¬ 
lium star mass is sufficiently high (^10 Mq) but the 
mass loss rate from less massive helium stars is not 
well constrained observationally because such relatively 
low-mass helium stars have been rarely observed (see 
Sects. [ffiSl and 13.91 below for more discussions). 

It is not only the primary star, but also the secondary 
star that can produce a SN Ib/c. In a close binary sys¬ 
tem, the primary star will leave a compact star remnant 
if it explodes as a SN Ib/c via Case B/AB/BB/ABB 
mass transfer, or if it becomes a white dwarf via Case 
BB/ABB mass transfer (see Fig. [6j). Unless the binary 
system is unbound by a strong neutron star kick, it will 
form a common envelope after the core hydrogen ex¬ 
haustion in the secondary star. A short-period binary 
system consisting of a helium star plus a compact star 
(white dwarf, neutron star, or black hole) will be pro¬ 
duced after the common envelope ejection. Explosion of 
the helium star will then produce a SN Ib/c. 

Note also that Fig. [6] still does not depict all the pos¬ 
sible binary paths for SNe Ib/c, and there may exist 
other relatively rare channels. For example, some au¬ 
thors found that with Case A mass transfer, the SN or¬ 
der can be reversed for a limited parameter space: the 
secondary star first explode as a SN Ib/c, followed by 
SN Ib/c explosion of the primary star as a helium star 
in isolation or in a compact binary system with a neu¬ 
tron star compani on, depending on the impact of the 
neutron star kick ( PolsIllQQ^ : IWellstein et al. I [20011 . 

The contribution of each evolutionary path to the 
total production of SNe Ib/c may depend on several 
physical parameters. They include the so-called mass 
accretion efficiency (i.e, the ratio of the accreted mass 
onto the secondary star to the transferred mass from the 
primary star), the specific angular momentum of any 
matter that is not accreted on the secondary star but 
lost from the binary system, distribution of neutron star 
kick velocit ies, and the common enve lope ejection effi¬ 
ciency (e.g. lPodsiadlowski et al.l[l992h . It is beyond the 
scope of this review to discuss all the details regarding 
binary popula tion with respect to SNe Ib/ c . and readers 
are re fe rred to Podsiadlowski et al. (Il992 ). Izzard et al.l 
(j2nn4fl . lE]dridge et, all (1200^12011112013h . as well as the 
contribution by S.E. de Mink in this issue. Here, it may 
be sufficient to say that the dominant channel to SNe 
Ib/c in binary systems is the Case B/BB, among oth¬ 
ers (jPodsiadlowski et al. 1992 ). In the sections below. 


25 rr 



0 Li 


10 20 30 40 50 60 

^ZAMS 

Figure 7. The helium core mass at the terminal age of the main 
sequence as a function of the initial mass for single stars. Based 
on non-rotating models without overshooting. 


we focus on the detailed properties of SN Ib/c progeni¬ 
tors predicted from evolutionary models. 


3.2 An Example of Binary Models 

To model the evolution of a binary system, we have to 
consider the change of the orbit due to stellar winds, 
mass transfer and/or gravitational wave radiation, and 
mass exchange between the stellar components via mass 
transfer. To investigate the effect of rotation, angular 
momentum exchange between stars and the orbit via 
tidal synchronization and the spin-up effect of the sec¬ 
ondary durin g the mass tra nsfer phases should also be 
followed fsee Ihangerl 12012 . for a recent review). 

Many evolutionary models of massive binary stars 
have been presented in the literature, but only a lim¬ 
ited number of studies aimed at detailed investigation 
of the struct ure of SNe Ib/e progenitors near/at the 
pre-SN stage (IWooslev et 1995 : Wellstein fc Langer 


1999l:lYoon et al. 120101: Eldridge et all 20131) . Before we 

summarize the main results of these studies, we give an 
example for the evolution of relatively low-mass SN Ib/c 
progenitors, which is very different from that of massive 
WR stars. 

The evolution of a SN Ib/c progenitor having 
ATzams = Ifi Mq in a Case BB system is illustrated 
in Figs. [8] and O After Case B mass transfer, the pri¬ 
mary star becomes a hot and compact helium star. 
The surface hydrogen and helium mass fraction at this 
stage is about 0.28 and 0.7, respectively and a small 
amount of hydrogen of about 0.05 Mq is still retained 
in the outermost layer. As a result, the convective he¬ 
lium burning core can grow with hydrogen shell burning 
even though the total mass somewhat decreases due to 
mass loss by winds (Fig. [9j). This is contrasted to the 
case of mass-losing pure helium stars where the convec- 
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log T,„ [K] 

Figure 8. Evolution of a binary system consisting of 16 M© plus 14 M© stars with the initial period of 5 days, on the Hertzsprung- 
Russel diagram. The evolutionary tracks of the primary and secondary stars are marked by dark-blue and red colors, respectively. The 
adopted mass loss rate for helium stars is given by Eq. (1), reduced by a factor of 5 (/w = 5). The initial and final points of each track 
are marked by the filled circle and the star symbol, respectively 


live helium burning core shrinks in size in terms of the 
mass coordinate (Fig.[5j). During the post-helium burn¬ 
ing stages, the helium envelope rapidly expands and 
Case BB mass transfer is initiated when carbon burn¬ 
ing begins in the core (Figs. [8] and [9]). The SN explosion 
will occur when the surface temperature becomes fairly 
low (logTeff ^ 4.1, Fig. [8]) while the star is still under¬ 
going Case BB mass transfer. This is in stark contrast 
to the case of massive WR star progenitors that evolve 
bluewards throughout and explode when they become 
very hot (logTeff > 5 K; Fig. 0]). The helium envelope 
expansion makes this binary progenitor bright in the 
optical bands compared to the case of WR progenitors, 
as discussed below (Sect. iTT)) . Of course, more massive 
progenitors having Mzams ^ 30 will become a WR star 
even in binary systems after Case B/AB transfer, and 
evolve like a single WR star thereafter. 


3.3 Mass Loss and Final Mass 

As mentioned above, one of the biggest uncertainties 
in the evolution of SN Ib/c progenitors is the mass 
loss rate of naked helium stars. The mass loss rate 
of WR stars (logT/LQ > 5) is relatively well known, 
but less luminous helium stars have not been well stud¬ 


ied observationally. Several authors therefore used ex¬ 
trapolated values of the Nugis & Lamers rate or the 
Langer rate (see F ig. [J) for the whole possible range of 


helium star mass (Wooslev et al.l 1995: Ek 

iridffe et al. 

2008. 20131). On the other hand. iBraun 

(19971) and 


Wellstein fc Lang^ (| 19991 ) used a significantly reduced 


mass loss rate for logT/LQ < 4.5 as the following: 


log 


M 


yr ly 

— 11.95 + 1.5logT/LQ for logT/L0>4.5 
—35.8 + 6.8logT/L© for logT/L© < 4.5 


( 1 ) 


H ere the WR mas s loss r ate for logT/LQ > 4.5 is given 
by iHamann et alJ I (Il995l) . The prescription for less lu¬ 
minous helium stars (logT/LQ < 4.5) i s based on the 
observ ations of extreme helium stars by Hamann et al.l 
(Il982h . Fig. m indicates that the simple extrapolation 
of the WR mass loss rate down to logT/LQ < 4.5 may 
lead to a significant overestimate even with the Nugis 
& Lamers rate, which is about 10 times lower than that 
of Hamann et al.l ( 1995 ) for logT/LQ > 4.5. 

Given that the stellar wind mass loss rates of mas¬ 
sive stars were usually overestimated before the late- 
90s (see Sect. 12 .1] above), mass-loss rates reduced by a 
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Evolution of the internal structure of a 16 star in 
a 5 day orbit with a 14 star companion 


> Case B mass transfer 


days, were t aken from Wellstein fc Lang^ ( 19991) and 


s 

s' 


Case BB mass transfer 




H shell burning 

, H f. He shell burnin g^ 

burning 

He burning 


I j ■■.■■■■ I ■ 


C shell 

C shell 

. . I. 


6 5 4 3 2 

log( time till core collapse / yr ) 


Figure 9. Evolution of the internal structure of the primary star 
in a binary system consisting of 16 M© plus 14 M© stars with 
the initial period of 5 days. Convective layers are marked by green 
hatched lines, and semi-convection layers by red dots. The surface 
of the star is indicated by the black solid line. The blue and pink 
color shading marks net energy gain or loss from nuclear energy 
generation and neutrino emission. 


certain factor (/w) compared to that of Eg. (1) were 


applie d for some binary models of I Wellstein fc Langer 
( 1999 . /w = 2) and for all the models of lYoon et al 
(2010. /w = 5 or 10). Note that the case of /w = 10, 


for which the mass loss rate becomes comparable to the 
Nugis & Lamers rate with logL/LQ > 4.5 , is still com¬ 
patible with the observation of extreme helium stars 
of logL/LQ < 4.5 (Fig. [1]). The caveat is that the ex¬ 
treme helium stars in the figure are giant stars at a 
pre-whi te dwarf stage, haying masses of only about 
0.8 Mq (| Jeffery fc Hamani]|2010[ ). and cannot represent 
ordinary SN Ib/c progenitors. 

On the other hand, the quasi-WR star HD 45166 is 
currently one of the most promising observational coun¬ 
terparts of relatively low-mass helium stars on the he¬ 
lium main sequence fSect. [T9]) . Its mass is about 4.2 Mq 
with a surface helium mass fraction of 0.5 and surface 
luminosity of log L/Lq = 3.75. This star is likely on the 
helium main sequence. The estimated mass loss rate 
gives a better agreement with the extrapolated value 
of the Nugis & Lamers ra te than the ma s s loss rates 
of extreme helium stars of iHamann et ah] (|l982[) . But 
we still have only one sample for such relatively low- 
mass helium stars in the core helium burning phase, 
and cannot make a solid conclusion on which mass loss 
prescription is best suited for our purpose. As shown 
in Fig. (ini however, this uncertainty does not make a 
great difference in terms of the final masses. 

The predicted final masses of SN Ib/c progenitors 
that undergo Case B/BB mass transfer are given by 
Fig. [TOl The models in the figure, for which the con¬ 
sidered initial period of the orbit ranges from 4 to 7 


Yoon et al 


( 2Q1Q[ ). In Wellstein fc Langer ( 1999[) . con¬ 
servative mass transfer (i.e., the mass accretion effi¬ 
ciency yd, which is the ratio of the transferred matter 
from the primary to the accreted matter onto the sec¬ 
ondary, equals to 1.0) was assumed and r otation was 
not taken into account. lYoon et ^ ( 2Q1Q|) considered 
the effects of rotation, with which P is self-regulated 
by the interplay between the mass transfer from the 
primary star and the mass-loss enhancement due to ro¬ 
tation from the secondary star that is spun-up by mass 
and angular momentum accretion. These models indi¬ 
cate yd 0.7 for Case A mass transfer and yd = 0.0 ^ 0.8 
for Case B mass transfer, respectively. 

For Case B systems, the final masses converge to 
about 3.15 Mq with = 1.0 and gradually increases 
with increasing Mzams foi* /w = 6 and 10. The result 
with the Nugis & Lamers rate is comparable to that 
with /w = 10. For Mzams ^ 18 Mq, helium stars pro¬ 
duced by Case B mass transfer undergoes Case BB mass 
transfer during carbon burning and later phases. Con¬ 
sequently the final masses for Case BB systems decrease 
more rapidly from this point with decreasing Mzams, 
and the lower boundary of the ZAMS mass for SN Ib/c 
progenitors becomes about 12.5 Mq, below which the 
primary star becomes a white dwarf. 

In a Case A system, the primary star loses a sig¬ 
nificant fraction of the initial mass on the main se¬ 
quence, and the helium core mass at the end of core 
hydrogen burning becomes lower than the correspond¬ 
ing Case B system. This makes the lower limit of ZAMS 
mass for SNe Ib/c shift to about 1 6 M^;^ for Case A 
systems ( Wellstein fc Langer l llflflfll: lYnnn et, a1.l 12(11(1 . 
Very short orbits (typically Pinit < 5 days) are required 
for Case A systems, and their contribution to the SNe 
Ib/c rate from binary systems may be smaller by about 
a factor of 3 - 4 than that of Case B systems (cf. 
ISana et 'al]l2Q12[) . 

These minimum ZAMS mass limits for SNe Ib/c (i.e., 
12.5 Mq and 16 Mq for Case B and Case A, respec¬ 
tively) are significantly higher than for SNe IIP from 
single stars, wh i ch is about 8-9 Mq (|Smarttl I2QQ9I: 
libeling fc Hegerl [20131) . Note that binary interactions 
can make this limit for SN IIP lowered even down to 
about 4 Mq: for example, mergers of 4 Mq plus 4 Mq 
star would make a 8 Mq SN IIP progenitor. There¬ 
fore, the stronger association of SNe Ib/c with younger 
stellar p opulations than SNe IIP in their host galax- 
.ies (e.R., 


Anderson et, alJl2fll2l: Kelly fc Kirshner 2(112 : 


ISa,nders et a,lll2ni 2ll is in qualitative agreement with the 


binary scenario. 


(iDrout et al. 

I 2 QIII: ' 

Taddia et al. 

l20l4. 


int analyses of SN light curves 
Cano! I 2 QI 3 I: iLvman et al.l I2Q14I: 


SNe Ib/c have typically ejecta 
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masses of 1 Mq - 6 This means that, assuming 

the remnant mass of 1.4 Mq, the final masses of ordi¬ 
nary SNe Ib/c range from 2.4 Mq to 7.4 Mq at least. 
If some amounts of helium were hidden in these anal¬ 
yses as argued bv IPiro fc Morozoval ( 2014 ). the actual 
final mass would be somewhat higher. This observation 
is not compatible with the case of /w = 1 in Fig. [TOl 
which predicts too low ejecta masses on average. The 
results with lower mass loss rates give a better agree¬ 
ment: stars of Mzams = 14 Mq - 35 Mq can explain 
the observed ejecta mass range w ith /w = 10 and the 
Nugis & Lamers rate for example. iLvman et al. ( 20141 ) 
also gives a similar conclusion from the comparison of 
their stellar population model with the observation. 

The effect of different values of /w can be regarded 
as the metallicity effect, because both observations and 
theories indicate that WR mass loss becomes stronger 
for higher metallicity Jvink fc de Koterll2005 ; ICrowth^ 


l2007l : l&afener fc HamanrI 20081 ). The result in Fig. ITOl 
implies that SN Ib/c ejecta should be systematically 
more massive for lower metallicity, which can be tested 
by observations. If there were a certain mass cut for the 
boundary between successful SN explosion and black 
hole formation in terms of the final mass, this metal- 
licity dependence of final masses would lead to gradual 
decrease of the SN Ib/c rate for decreasing rnetallic - 
ity (cf. iBoissier fc PrantzosI [jpool lArcavi et al.llioiol ). 
For example, if Mf = 8 Mq were the lower limit for BH 
formation, we would not expect a SN Ib/c explosion 
from Mzams ^ 40 Mq at solar metallicity (/w r\j 10) 
and Mzams ^ 25 Mq at SMC metallicity (/w ^ 20), re¬ 
spectively. 



Figure 10. The final mass of SN Ib/c progenitors via Case B/BB 
mass transfer as a function of the initial mass, for different helium 
star mass loss rates. Here /w denotes the reduction factor that 
are applied to the mass loss rate given by Eq. (1): /w = 10 and 20 
roughly corresponds to solar and SMC metallicity, respectively. 
The presented resul t s are based on the full binary models by 
IWellstein fc Langer I (| 19991 ) for /w = 1 and th e binary models and 
pure helium star models bv lYoon et al ]i^) for the others. The 
boundary line between Case B and BB systems is marked by 
the da shed line. The data with Mzams ^ 25 Mq in lYoon et al.l 
il 2 ninl) is based on the full binary evolution calculations but it is 
based on pure helium star models for Mzams > 25 Mq assuming 
that the pure helium star was produced via Case B mass transfer 
from the primary star with the corr esponding ZAMS mass in a 
binary system. See lYoon et al.l (l2010h for more details. T he result 
with the WR mass loss rate bv lNugis fc Lam^ (l2000h at solar 
metallicity from unpublished binary star models (Yoon, S.-C., in 
prep) is marked by the green dashed line, for which the boundary 
for Case B and BB shifts to about Mzams = 15 Mq. 


3.4 Helium 

As discussed in Sect. [231 the amount of helium retained 
in progenitors may be one of the key factors that make 
the difference between SNe Ib and SNe Ic. As shown in 
Fig. [m helium mass varies from 0.1 to 1.9 for the con¬ 
sidered range of ZAMS mass and mass loss rates in Case 
B/BB systems. Helium mass (Mne) as a function of 
Mzams has a local maximum at Mq ^ 17 — 18 Mq for 
/w = 1 and 5, and at Mq ^ 30 Mq for /^ = 20, respec¬ 
tively. The rapid decrease of Mhg as Mzams approaches 
12 Mq results from Case BB mass transfer, while the 
gradual decrease of Mne with increasing Mzams is the 
effect of the increasing mass loss rate. 

It is important to note that, even for the case of 
very strong mass loss (i.e., /w = 1), the amounts of 
helium at the pre-SN stage are significantly greater 
than the upper limit of Mne = 0.14 Mq for SNe Ic 


that was suggested bv iHachinger et all ( 2012 ). except 
for the extreme Case BB case at around Mzams = 
12.5 — 13.5 Mq. Therefore, both single and binary star 
models cannot fulfill the condition of low amounts of 
helium for SN Ic. This might mean that, in reality, the 
chemical mixing between helium and ni ckel in SN ejecta 


i s not as efficient as consi dered bv IHachinger et ah. 
(2012) for most SNe Ic (cf. IPessart et al. 1201 2aj ) such 
that more helium could be hidden. Such inefficient 
mixing is not usually supported by observations (e.g. . 
Hachinger et al. 2012 : Cano et al. 1 120141: iTaddia, et al 


JTacnmg^ 

2014 l^l. 


but we need a systematic study on how the 
mixing efficiency via the Rayleigh-Taylor instability de¬ 
pends on the pre-SN structure of SNe Ib/c progeni¬ 
tors to resolve this issue. Mass loss from helium stars 
is another uncertain factor that should be better un¬ 
derstood. In particular, some helium stars can closely 


^However, the systematic uncertainty on the inferred ejecta 
masses based on SNe Ib/c light curves can be large (up to a fac¬ 
tor of 4 in principle) depending on the assumption for opacity 
and the method for measuring the light curve width (F. Bianco 
and M. Modjaz, private communication) 


^Liu, Modjaz et al. (2015, private communication) also show that 
the observed photospheric velocities and the equivalent widths 
of the O I 7774 line of SNe Ib/c are not compatible with the pre¬ 
dictions from progenitor models with a large amount of unmixed 
helium 
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approach the Eddington limit during the final evolu¬ 
tionary stages if the mass is high enough. This might 
make the surfa ce layers unst a ble to cause rapid mass 
erupt ion (cf., iMaeder et al.l I2Q12I: iGrafener fc VinkI 
l2013h . thus removing most of helium in the enve¬ 
lope shortly bef ore the SN explosion as evidenced by 
many SNe Ib/c (iFolev et~aL 2007: IWellons et al. 20121: 


iGorbikov et al.l 2Q14 ;_ Gal-Yam et al. 2Q14| ) . 

lEldridge et al ] (l 2 niih assumed a certain value of 
the ratio of the helium mass to the ejecta mass 
(Mne/M^ejecta) as the demarcation criterion between SN 
Ib and SN Ic. Because the chemical mixing between 
helium and nickel plays an important role for having 
helium lines in SN spectra, using Mne/M^ejecta instead 
of Mhg niay be appropriate because a lower value of 
Mne/Mejecta nieaus that helium can be more easily 
shielded from the gamma-ray photons produced in the 
innermost nickel-rich layer of the SN ejecta. Interest¬ 
ingly, Eig. [TT] indicates that Mne/Mejecta does not de¬ 
pend on the adopted mass loss rate (hence on metallic- 
ity) as strongly as Mrc does. This is because, for a lower 
mass loss rate, the final mass and the CO core mass be¬ 
come higher and compensate the higher helium mass. 
This has important consequences in the prediction of 
SN Ib/c rate as a function of metallicity as discussed in 
Sect. [121 below. 

If relatively low-mass helium star progenitors in bi¬ 
nary systems have helium masses of about I - 1.5 Mq in 
their envelopes as the most recent models predict, this 
may lead to an early plateau phase due to helium re¬ 
combi nation for several days as shown by IPessart et al.l 
(|2QIlh . This prediction has recently been tentatively 
confir med with the early -time light curve of SN Ib 
20061c ( Taddia et al.ll20M) . Even in the absence of non- 
thermal effects, helium lines will also be observed during 
this phase, given that the mass fraction of helium in the 
envelope is very high (^0.98; see Sect. [221). 

On the other hand, SN Ib/c progenitors with a com¬ 
pact star companion (see Eig. [6]) may undergo very 
strong mass transfer after core helium exhaustion, be¬ 
cause these systems have a small mass ratio and short 
orbital period. Most of the helium envelope can be 
stripped off in this case, and very little he l ium will be 
left a t the pre-SN stage (Pols fc Dewill2002l : IPewi et 


I 2 QQ 2 I: llvanova et al. 2QQ3[) . This evolutionary channel 
has been often invoked to explain SNe Ic having low 
ejecta masses and fast declining light curves (e.g., 
Nomoto et al. 19^. including some ultra-faint SNe 


Ic ( Tanris et al.l 2QI3I) . The frequency of such events 
would be rare compared to ordinary SNe Ib/c, and its 
quantitative prediction heavily depends on the uncer¬ 
tain parameters related to the common envelope effi¬ 
ciency and neutron star kick. 




^ZAMs/^O 


Figure 11. Upper panel: The total amounts of helium that are 
retained until the pre-SN stage in SN Ib/c progenitors via Case 
B/BB mass transfer, as a function of the initial mass for dif¬ 
ferent loss rates of helium stars. Here /w denotes the reduction 
factor that are applied to the mass loss rate given by Eq. (1) 
(see the figure ca ption of Fig. HOD. The N L rate means the WR 
mass loss rate by jhbi^i^; La^rsl (|2000lb T he data were taken 
from IWellstein fc Langer I (Il999lf for /^ = 1, lYoon et “aP (I 2 OIOII 
for /w = 5, 10 and 20, and unpublished models by Yoon (in prep.) 
for the NL rate. Lower panel: The corresponding ratios of the he¬ 
lium to ejecta mass. Here we assumed that the remnant neutron 
star mass is 1.4 M©. See Fig.[T0]for the corresponding final mass. 


3.5 Hydrogen 

Case B/AB mass transfer in a binary system stops 
when the hydrogen envelope of the primary star is al¬ 
most stripped off, but it does not completely remove 
hydrogen. The amount of hydrogen remaining in the 
outermost layers of the helium core immediately af- 
ter the mas s tran sfer phase is typically 0.05 — 0.1 M©. 
IYoou et~al] ( 20I0h found that the final amount of hy¬ 
drogen at the pre-SN stage is a function of the progen¬ 
itor mass as the following. At solar metallicity, which 
roughly corresponds to the case with /w = 5 • • • 10 in 
Figs. [TOl and im (see also Fig. [1]), no hydrogen will 
be left for helium stars having final masses of Mf > 
4 • • • 4.4 M©. For the case of Mf < 3 M©, Case BB/ABB 
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mass transfer becomes efficient enough to completely 
remove hydrogen. For the final mass range in-between, 
the remaining hydrogen until SN explosion will be about 
10“^ • • • 10“^ Mq. On the other hand, the models with 
the Nugis and Lamers mass loss rate at solar metallicity 
lose al l the hydrogen in the envelope for the whole mass 
range ( Eldridge et al.|[2Q13l: Yoon, S.-C. in prep). There¬ 
fore, in principle, the signature of hydrogen in SN Ib/c 
progenitors can indirectly constrain the mass loss rate 
from helium stars if we have good information about 
the metallicity in the vicinity of the SN site. 

This small amount of hydrogen can be easily de- 
tecte d in the early t ime s pectra of the resu lting 
SN ( Spencer fc Baron I2Q1QI: IPessart et al.l l2Qll[ ). in 
which case it will be identified as a SN Ilb (cf. 
IChornock et al. I l2Qll[) . These progenitors have rela¬ 
tively small radii (i? = 8 • • • 50 R©) co mpared to the 


yellow-supergiant SN l i b pro genitors (e.g. iMannd et al 


l2QQ4t IVan Dvk et al.l I2QI4) produced via Case C 
transfer (|Podsiadlowski et al.lll99^ Claevs et al 


and may belong to the co mpact category of SN 


lib (jChevalier fc Soderber3l2QIQ[ ). Some authors argue 


hydrogen absorption lines at high velocit 

(iDens: et al. 

I2OO0I: 

iBranch et al.ll2QQ2l: 

lElmhamdi et al.l 

I2OO6I 

). There- 


fore, whether the explosion of a helium star having a 
thin hydrogen layer may be recognized as SN Ilb or SN 
Ib depends on the details of the SN observation. 

The progenitor mass range for which a thin hydrogen 
layer is present at the pre-SN stage becomes widened 
and the total amount of remaining hydrogen increases 
with decreasing metallicity. The ratio of SN Ib/c to 
SN Ilb rate should decrease with decreasing metallic- 
ity (Fig. [12]). 


3.6 Supernova Types 

From the above discussion, we can make a crude pre¬ 
diction on the SN types from Case B/BB mass systems 
as summarized in Fig. [121 With Case AB/ABB sys¬ 
tems, each boundary in the figure would simply shift 
to a higher Mzams- Foi* example, the lower limit of 
ATzams foi* SN Ib/c from Case B/BB systems is about 
12.5 M©, while it is about 16 M© for Case AB/ABB 
systems. Because we still do not have any clear de¬ 
marcation between SN Ib and SN Ic in terms of the 
progenitor structure (Sect. 13.4[) . ad-hoc assumptions 
of Mne = 0.5 M© (CASE I) and Mne/Mejecta = 0.45 
(CASE II) were made for the upper and lower panels, 
respectively. 

Several interesting predictions can be made from this 
figure, which should be tested in future observations. 
These predictions are only relevant for ordinary SNe 
Ib/c and those associated with GRBs or SLSNe-Ic are 
not considered here. 
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Eor CASE I, the ratio of SN Ic to SN Ib rate from 
binary systems would decrease wit h decreasing 
metal licity i n good agreement w ith lArcavi et al.l 
(|2Q1Q| ) and iModiaz et al.l (|2Qll[ ). and SN Ic is 
hardly expected at sufficiently low metallicity. By 
contrast, this ratio would not necessarily decrease 
for decreasing metallicity with CASE II, unless 
there existed a mass cut of Mzams for BH for¬ 
mation (Mcut)- If SN Ib/c progenitors with a suf¬ 
ficiently high final mass could not produce an 
ordinary SN Ib/c, the SN Ic rate would signifi¬ 
cantly decrease with decreasing metallicity even 
with CASE II. 

Eor CASE II, SNe Ic with hydrogen or SNe lie are 
expected to occur at su ff iciently low me t allicity (cf. 


Elmhamdi et al.l [2006 ). IPessart et al.l ( 2012 


deed showed that SNe lie can be produced if he¬ 
lium is effectively shielded from radioactive nickel. 
The SN Ib/SN Ilb ratio would decrease with de¬ 
creasing metallicity for both cases, which is in 
good agreeinent w ith the recent observation by 
lArcavi et al.l (2 QIQ| ). 

Comparison of Eig. [TO] and Eig. [12] implies that 
both the initial and final masses of SNe Ic progen¬ 
itors would be systematically higher than those of 
SN lb progenitors, regardless of the adopted de¬ 
marcation criterion of helium. This predictio n is in 
quali t ative agreement with SN observations (Cano 


2Q13I: iLvman et al.l I2Q14I: iTaddia et al.l l2Q14j) and 


the stronger association of SNe Ic with younger 
stellar po pulation than SNe lb in the host galax¬ 


2012: Sanders et al.l 20121 


ies (e.g.. lAnderson et al. 120121: iKellv fc Kirshner 


Eor CASE ll, the average ejecta masses would in¬ 
crease following the order of SN lb, llb and Ic at 
sufficiently low metallicity. 

The average ejecta masses of SN Ib/c would 
increase with decreasing metallicity. This effect 
would be more dramatic for SNe Ic than for SNe 
lb (see Eig. [T0|) . 

The comparison of Eig. [10] and Eig. [12] indicates 
that for CASE ll, the maximum final mass of SN 
lb (and llb) would be limited to a fairly small 
value (about 7.0 M© with the assumed value of 
Mne/Mejecta = 0.45) cvcu for very low metallicity. 


3.7 Surface Properties and the Progenitor 
Candidate of iPTF13bvn 

As explained in Sect. 13.21 a relatively low-mass he¬ 
lium star progenitor of SN Ib/c in binary systems un¬ 
dergo rapid expansion of its envelope during the car¬ 
bon burning phase and later stages. This envelope ex¬ 
pansion becomes stronger for a lower mass star for 
which the carbon-oxygen core becomes more compact. 
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Figure 12. The predicted supernova types according to the ini¬ 
tial mass and metallicity of primary stars in Case B/BB binary 
systems, based on the result presented in Figs. [TO] and HU Here 
^He = 0-5 and Mne/^ejecta = 0-45 are adopted for the demar¬ 
cation condition between SN Ib and SN Ic, for the upper (CASE 
I) and lower (CASE II) panels, respectively. The red dashed 
line denotes the critical limit for BH formation, assuming that 
Mf > 8.0 Mq does not results in a neutron star (NS) remnant. 
Note that the figure provides only a qualitative prediction and the 
numbers that determine each boundary are subject to significant 
modification depending on the adopted assumptions. 


following the mirro r effect ( Yoon et al. 2Q1Q[ 2Q12lj: 


Eldridge et al.N2Q13f) . Within the framework discussed 


in Sect. 13.61 therefore, SNe Ib progenitors would have a 
more extended envelope than SN Ic progenitors for most 
cases, which may in turn lea d a more luminous early 
plateau in the consequent SN ( Dessart et al. 2Qll[ ). 

The extended envelope at the pre-SN stage can 
make a SN Ib/c progenitor fairly bright in the opti¬ 
cal. The expected visual magnitude is about —4 • • • — 5 
for the progenitors having final masses of 3 - 5 
( Yoon et al. 2QI2b :^ Bersten et al lEldridge et al 


201.4 iKim et al.l 1201,^ . With an 0-type star com¬ 


panion, the visual brightness would be even higher 
(Mv — 6 - • • — 7). By contrast, WR star progeni¬ 
tors (Mzams ^ 30 Mq) from both single and binary 


stars have much higher bolometric luminosities, but 
the expected high surface temperatures at the pre-SN 
stage result in fain t er visual br i ghtnes s (i.e.. My — —3 
Yoon et ahl 2QI2lj: lOroh et 2QI3al) in most cases. 


which would make them more difficult to directly iden¬ 
tify in pre-S N images a s discu ssed in Sect. 12.21 

Recently, ICao et aP ( 2013 ) have reported the ten¬ 
tative identification of the progenitor of the SN Ib 
iPTEI3bvn. The estimated absolute magnitudes of the 
object in the optical range from -5.0 to -7, depend¬ 
ing on the filters, adopted extinct i on values, and pho¬ 
tometry methods (ICao et ^ 201 31: Bersten et al.ll20l3: 


lEldridge et al.l[20lB ). Groh et al. ( 20I3b[ ) argued for a 

single star progenitor with initial masses of 31 - 35 Mq 
based on the non-rotating models of the Geneva group. 
Unlike more massive stars that become WO stars at 
the end, these models end their lives as WN stars hav¬ 
ing relatively thick helium envelopes with surface tem¬ 
peratures of about logTeff ^4.6. The predicted opti¬ 
cal magnitudes —5.5) agree with the observation, 
but the final mass II Mq) seems to be too high, 
compared to the estimated ejecta mass of the SN 
1.9 — 2.3 Mq; Eremling et al.ll2Q14 : Bersten et al.ll2Ql3 ) 
that supports the binary scenario. The optical bright¬ 
ness of the progenitor candidate can also be explained 
by a bi nary progenitor haying an initial mass of 10 - 
20 Mq ( Bersten et al. 2014; Eldridge et al.lioiBI) . If fu¬ 
ture observations find evidence for the companion star 
that survives the SN explosion, it will directly confirm 
a binary star origin of SNe Ib for the first time. 


3.8 Rotation 


Massive stars in a close binary system before mass 
transfer are likely to be synchronized with the orbit 
because of the short tidal interaction timescale. After 
Case B/AB mass transfer, the orbit becomes too wide 
to keep the tidal synchronization, and the final rotation 
velocity of the primary star is mainly determined by the 
amount of angular momentum that is retained after the 
mass transfer phase. Binary evolution models including 
the effects of rotation indicate that SN Ib/c progeni¬ 
tors via Case B/AB mass transfers are slo w rotators 
as they lose mass and angular mo mentum (|Wellstein 
2001 : Yoon et ^l2010l:lLangerll2012 ). Both models with 
and without magnetic torques due to the Tayler-Spruit 
dynamo (see Sect. 12.41 for the discussion on angular 
momentum redistribution inside stars) predict that the 
surface rotation velocity of naked helium stars on the 
helium main sequence after the mass transfer phase is 
only about 1.0 — 10.0 km s“^. 

The specific angular momentum in the innermost re¬ 
gion of 1.4 Mq that would collapse to a neutron star 
significantly accordi ng to the prescr iption of angular 
momentum transfer ( Yoon et al. 2010[) . Models without 
the Tayler-Spruit dynamo predict that neutron stars 
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from SNe Ib/c in binary systems would almost reach 
the critical rotation. This means that the majority of SN 
Ib/c progenitors in binary systems would also be good 
progenitor candidates for magnetars/collapsars with¬ 
out the Talyer-Spruit dynamo, which cannot be easily 
reconciled with observations. Models with the Tayler- 
Spruit dynamo predict that the specific angular mo¬ 
mentum of the collapsing core would be comparable to 
those of single star models (i.e., j ^ 10^^ cm s“^) and 
the resultant neutron stars would be rotating at a pe¬ 
riod of several milliseconds. 

As in the case of single stars, therefore, binary mod¬ 
els with the Tayler-Spruit dynamo do not predict ma- 
gentar/collapsar progenitors for energetic SNe and/or 
long GRBs via the stand ard Case B/BB/AB/ABB sys¬ 
tems ( Yoon et~al] |2Q1Q[) under normal circumstances. 
At sufficiently low metallicity, however, mass accret¬ 
ing stars in Case B mass transfer systems may be 
spun up to undergo the chemically ho mogeneous evo¬ 
lution , which may end up as a CRB ( Cantiello et al.l 
20071) . SN Ib/c progenitors in very close binary 
systems consisting of a helium star and a low- 
mass main sequence star/compact object (cf. Fig. [6l 
Sect. 13.2[) may experience strong tidal interaction, 
given that the orbita l period can be as short as 
O.I day in this case fe.g. lpewi et al.ll2002 Ivanova et al 


2003 : Izzard et all 2004 :^ van den Heuvel fc Yoonl 2007 : 
Detmers et al.l 20081: Podsiadlowski et |20I0[ ) . Some 
of these systems may produce unusually rapid rota¬ 
tors even within the framework of the Tayler-Spruit 
dynamo, but more detailed evolutionary studies are 
needed to make a meaningful conclusion on this. The 
fact that host galaxies of broad-lined SNe Ic and CRBs 
are found to be systematically overdense compared to 
other SDSS galaxies might be an indication for the im¬ 
portance of the binary channel for producin g rapidly ro 


fatin g progenitors to produce these events (jKellv et al 
20141 ). 


3.9 Observational Counterparts 

WR stars in binary systems are excellent observa¬ 
tional counterparts for SN Ib/c progenitors during the 
post Case B/AB mass tr ansfer phase, for logL/LQ > 
5.0 (|van der HuchtI [ 2 OO 1 I ) . Relatively low-mass helium 
stars (logL/LQ < 5.0) in binary systems are only rarely 
observed. This is probably because such helium stars on 
the helium main sequence are very hot and faint in op¬ 
tical bands (see Fig. El and because many of them have 
bright OB-type companion stars. 

As mentioned above (Sect. 13.3[) . the best obser¬ 
vational counterpart of binary SN Ib/c progenitors 


with log L 
HD 45166 ( 

/Lr:^ < 4.5 is the quasi-WR (qWR^ 

1 star 

Ivan BlerkomI 

1978: Willis & Stickland 

1 1983; 

Steiner & Oliveiral 20051: 

Croh et al. 20081): the orimarv 


is a helium rich 4.2 Mq star with R I.O R© and the 
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secon dary is a 4.8 main seq uence star, in a 1.596 day 
orbit ( Steiner fc 01iveir32005[ ). This system was proba¬ 
bly produced via unstable Case B/ AB mass transfer and 
the consequent common envelope phase. This star gives 
important information about the mass loss rate from 
such a relatively low-mass helium star a s discussed in 
Sect. 13.3( WR 7a is anoth er qWR star (* ^Pereira et al 


I998l : T^liveira et~^ 2003 ). No companion of this star 


has been found so far. Radial periodicity of 0.204 day 
has been reported, and if this is related to binarity, its 
companion should be a low-mass main sequence star 
(M < I.O Mq) or a compact object. To our knowledge, 
no estimate of the wind mass loss rate from this star 
has been reported yet. 

There also exist candidates for evolved helium giant 
stars beyond core helium ex haustion. They include v 
Sgr, KS Per and LSS 4300 ( Dudley fc Jeffery 1993). 


ied (e.sf.. Frame et al.l 1995 

: Saiol 19951: Koubskv et al. 

I 2 OO 6 I: iNetolickv et al.ll2009l: 

Kiooer & Klochkovall2012l). 


The mass, surface temperature and bolometric lumi¬ 
nosity of the hydrogen-deficient primary of this sys¬ 
tem are M ^ 3.0 Mq, Teff ~ 11800 K and logL/LQ ^ 
4.6. It also show s radial pulsation of a 20 day 
period (|Saiol Il995[ ). and evi dence for mass trans - 
fer and a circumbinary disk (|Netolickv et al. l2009h . 
which agree s well with the Case BB mass trans¬ 
fer scenario (|SchQnberner fc Drillindll983[) . Therefore, 
these systems can provide useful information about 
the progenitor evolution as well as their circumstel- 
lar environments immediately before SN explosion. 
The visual magnitude of this star is My = —4.73 ± 
0.3 ( Kipper fc Klochkoval l2012h . which is consistent 
with the model predictions discussed in Sect. 13.71 


3.10 Companion Stars 

The companion stars of binary progenitors of SNe Ib/c 
will survive the SN explosi on and may be found in some 
youn g SN remnants (e.g. iKochan^ 20091 : Koo et all 
2 OIII ). There may be several types of companion stars: 
main sequence stars of early to late types, compact ob¬ 
jects like white dwarfs, neutron stars and black holes, 
and helium stars (Sect. 13.11 Fig. [6]). In terms of stel¬ 
lar population, the most common type (i.e., more than 
30% of all binary SN Ib/c progenitors) may be relatively 
high mass stars (0/B type) on the main sequence that 
under went stable Case B/ BB/AB/ABB mass transfe r 
(e.g., IPodsiadlowski et M \l992[ lEldridge et al.l [2013 ). 


These massive companion stars accrete mass and angu- 


the critical value (Wei 

Istein et al. 2001: 

Petrovic et al. 

2005b| 

: Cantiello et a 

. 12007: lYoon et al. 

l20ld: iLanger 

2012:1 

Ide Mink et al. ‘ 

20131 

). At solar metallicity, how- 


ever, they will lose angular momentum again via stel¬ 
lar winds after the mass transfer phase, and the rota- 
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tion velocity shortly after the SN explosion depends on 
how much mass is lost b y winds until that time. Mod¬ 
els by IYoou et ^ (|2Q1Q[) indicate that the surface rota¬ 
tion velocity will be about 300 - 450 km s“^ for surviv¬ 
ing companion of M 2 ~ 17 — 20 Mq. By contrast, more 
massive stars loses mass and angular momentum very 
quickly: a 48 Mq companion star would be slowed down 
to about 60 km s“^ at the pre-SN stage. The transferred 
mass to the secondary star is enriched with the ashes of 
hydrogen burning co r npared to the initial composition 
( de Mink et al.l[2009[ Ihangerl [20121 ). The surface com¬ 
position of the surviving secondary star after the SN 
explosion should be therefore marked by t he enhance¬ 
ment of helium and nitrogen. The models of lYoon et al 


(2010 [ ) give typically the mass fractions of helium and 
nitrogen of about 0.35 and 4.3 x 10“^ (i.e., 4.3 times 
the solar value) at the surface of surviving companion 
stars, respectively. 

4 CONCLUSIONS 

We summarize the main predictions of single and binary 
star models for ordinary SN Ib/c progenitors in Tabled! 

Many of WR progenitors would end their lives as a 
WO type star t hat is relatively faint with optical fi l- 
ters (Mv ~ —3; Yoon et ^l2012l]: iOroh et 2013a ). 
Binary systems with a sufficiently high initial mass of 
the primary star can produce WR progenitors of which 
the properties would be very similar to those of sin¬ 
gle WR stars, but the presence of the companion star 
would result in rather complex struct ures of the circmn - 
stellar medium and the SN remnant ( Koo et al ]| 2 on|). 
Compared to the single star case, the detectability of 
WR progenitors can be significantly enhanced with a 
luminous early type companion. 

However, given the preference for lower masses of 
the initial mass function, the majority of binary pro¬ 
genitors should have several unique properties that are 
very different from WR progenitors. Their final masses 
at the pre-SN stage are systematically lower (Mf 
1.4 — 6 Mq for Mzams — 12 — 25 Mq) than those of 
WR progenitors (Mf > 10 Mq). This agrees well with 
the recent ejecta mass estimates of ordinary SN e Ib/c 
(Meiecta ~ ^ 7 ^ [Pront et all 2011 : Cano 2013 : 
Lyman et al.l 20l4 iTaddia et ah! 2014 ). The current bi¬ 


nary model predictions are also consistent with the ob¬ 
servational facts that the association of the SN loca¬ 
tions in their host galaxies with young stellar popu¬ 
lations becomes stronger following the order of SN II, 
SN Ib and SN Ic (Sects. 13.31 and [T6|) . which is usually 


interpreted wi 
ture (e.g.. Anc 

thin the sin; 

erson et al.l 

gle star scenario in the litera- 

12012: Kellv & Kirshnerll2ni2l: 

ISanders et al.l 

2ni±. 


Despite their relatively low masses, the detectabil¬ 
ity of binary progenitors in optical bands is not nec¬ 
essarily lower than single WR star progenitors. To 


the contrary, a significant fraction of binary progeni¬ 
tors should have very high visual luminosities because 
relatively low-mass helium stars can rapidly expand 
during the late evolutionary stages, and/or because 
many of them would have luminous compan ion stars 


( Yoon et al. 2Q12bl: lEldridge et al. 20131 l2Q15l) 


The SN models by iDessart et al 


(2 Q11D indicate 


that early time light curves and spectra would have 
the critical information about the nature of SN Ib/c 
progenitors. In particular, the plateau phase due to 
helium recombination at early times and He I lines 
formed with thermal processes during this phase would 
be strong evidence for a relatively low-mass helium 
star progenitor having an extended helium envelope. 
As demonstrated by several recent observations(e.g., 
Soderberg et al.l 2QQ8 ;_ Modiaz et al. 2QQ9I: Corsi et al. I 
2012l:lMaeda ^talll2014l) . the progenitor size can also be 
best constrained by early-time SN light curves includ¬ 
ing shock breakouts. We therefore conclude that obser¬ 
vations of early-time light curves and spectra will be an 
excellent probe into the nature of SN Ib/c progenitors. 

There still exist many unsolved problems and related 
future topics that should be addressed. 


A caveat in the above conclusions is that the 
predictions summarized in Table [1] are mostly 
based on the models at solar metallicity. The fi¬ 
nal masses of single star progenitors at super¬ 
solar metallicity can become as low as 5 Mq, de- 
pending on the adopted mass loss rate (Fig. [2l 


Mevnet fc Maeder 120051 ). This value is within 


the ejecta m ass r ange of ordinary SN e Ib/c by 
3 ( 20131 ) and Lvman et al.l (|2014l ). although 


Cane 


it still cannot explain SNe Ib/c having ejecta 
masses lower than about 3.5 Mq. Given that 
the final amounts of helium must also be smaller 
than in the case of solar metallicity (Fig. ITT]) , 
the contribution from super-solar metallicity sin¬ 
gle stars might be particularly significant for 
SNe Ic (cf., Prieto et al.ll2008l:lBoissier fc PrantzosI 
120091: iMndiaz et, a,lJl2(Tn]^ . 

Although the SN Ib/c event rate implies the dom¬ 
inant role of binary systems for the production o f 
SNe Ib/c (|Smith et al.ll20 111 : lEldridge et al. 20131) . 
more direct evidence for binary progenitors comes 
from SNe Ib/c ejecta masses (Mejecta; Sects. 13.31 
and 110 ) 1 ) . Precise estimates of SN ejecta masses 
can give one of the best constraints for progenitor 
models. The uncertainties related to the effects of 
asymmetry of the explosion, mixing of chemical 
compositions in the SN ejecta and the presence 
of helium on the estimates of Mejecta using SN 
ligh t curves should be cl a rified in the near future 
(cf. Dessart et al. 2Q12a : Piro fc Morozova! 20141: 

I Wheeler et al. 20141 ). 
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Table 1 Main predictions of single and binary star progenitors models for SNe Ib/c at solar metallicity 


Initial Mass 

Final Mass 

Final Radius 

Wind Mass Loss Rate 

Escape Velocity t’wind 

Circumstellar Structure 


Single 

^ZAMS ^ 25 Mq at Z = 0.02 ^ 
10 < M/M© < 17 at Z = 0.02 ^ 
0.5 < i?/Ro < 10 d 
M = 10"® ~ 5 X 10"® M© yr-i 


Binary 

AfzAMS ^ 12 M© ® 

1.4 < M/M© < 17 at Z = 0.02 
0.5 < i?/R© < 100 « 

M = 10"^ ~ 5 X 10"® M© yr-i 


C 


) Vesc = 500 — 2500 km s ^ 

p oc 


't’esc = 60 — 2500 km s ^ 

Complex with wind-wind collision 
and orbital motion 


Optical Magnitudes 


Light Curves 


Spectra 


Mv ~ —3 for WO type progenitor, 
and Mv = —5.5 • • • — 6.5 for WN 
type progenitor. ^ 


Relatively faint at early times. 
Broad light curves 

No or weak helium lines for most 
cases, and hence biased towards 
the production of SNe Ic 


Mv ~ —3 • • • — 6.0 for most helium 
star progenitors. It will be more 
luminous in optical bands with a 
bright companion. ^ 

Fairly luminous early time plateau 
for 13 < Mzams < 25 Mq^ 

Helium lines even without non- 
thermal processes during the early 
time plateau phase for 13 < 
^ZAMS ^ 25 M© ^ 


Mevnet fc Maeder 


Wellstein fc Langer 


|2003D 

(ll99fl^ :lYo 


et al. (2010 [l: Eldridge et al.l ( 2013[ ) 
andQ 


to Z = 0.02). See a lso lEldridge et al.l (|201ll 


Yoon et al 


Groh et al 


Yoon et al 


Yoon et al 


([291 .Sail 

(29191 2ni2hll 


Dessarteta 


(2912b), 

(2912b); 


Based on the result p resented in Fig. [TT)1 an d lYoon et aP (j2919l l (In the figure, /w = 19 roughly corresponds 


] (12911 


Eldridge et al 


Groh et al. (2013^]bl 


(120131120151) . 


Bersten et al.l ( 20141 ): lEldridge et al 
2912all 


(1291511 : iKim et all (1291511 


• The question on how much helium can be hid¬ 
den in SN Ic spectra is another critical test case 
for SN Ib/c progenitor models (Sects. 12.31 13.41 
and IMI Fig. ini). Recent observations indicate 
very low helium mass (< 0.14 Me:)) in the ejecta 
( Hachinger et al.ll2012l: iTaddia et al. 20141 ). This 
cannot be easily accommodated to the current 
model predictions that most SN Ib/c progenitors 
have Mhg >0.2. This conflict may be due to our 
lack of proper knowledge on the mass loss rate 
from helium stars (in particular during the post- 
helium burning phase; Sect. EH) but a rigorous 
estimate of helium masses for a large sample of 
SNe Ib/c is highly required to resolve this issue. 
The ratio of SN Ic to SN Ib is another important 
constraint for progenitor models, which should be 
better estimated in the future. Several authors re¬ 



classified as SNe Ic, suggesting a lower value. 


• As discussed in Sect. ESI future observations 
on SN Ib/c and SN Ilb properties and their 
relati ve frequencies as a function of metallicity 


("e.g.-IPrieto et al. 2008: Boissier & PrantzosI 

2009 

Modiaz et al. 2011: ICraham V Ernchterl 

2913 


would greatly help to clarify the role of mass loss 
from helium stars in the evolution of SN Ib/c pro¬ 
genitors. It would be particularly important to in¬ 
vestigate how the ejecta masses of SNe Ib/c and 
the ratio of SN Ib/SN Ic rate systematically de¬ 
pend on metallicity. 

• In the discussions above, we did not address pro¬ 
genitors of broad-lined SNe Ic (SNe Ic-BL), simply 
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because we do not have a good clue on what makes 
them. The as sociation of long GRBs a nd some SNe 
Ic-BL (e.g. IWooslev fc Hegerl I2QQ6I) implies the 
importance of rapid rotation, and attempts have 
been made to explain long GRBs, SNe Ic-BL and 
super-luminous SNe Ic within the single frame¬ 
work of the magnetar scenario fe.g.. lMazzali et ^ 


20141 ). Binary star models including rotation do 


not predict any particular parameter space where 
unusually rapid rotation in the core can be realized 
from the stand ard Case B/BB/AB/ABB channels 
for S Ne Ib/c (|Petrovic et al.l [2QQ5bl : lYoon et ^ 
201 nl) . except for the so-called chemically homoge¬ 


neous evolu tion induced by mass accretion at low 
metallicity (|Cantiello et al.|[2QQ7l) . Future studies 
should investigate more carefully the evolution of 
some specific binary systems where the condition 
of rapid rotation for magnetars can be rather eas¬ 
ily fulfilled compared to the standard channels, 
such as binary systems consisting of a helium star 
plus a compact object in a very tight orbit (Fig. [6l 
Sect. I 
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